• Therapy with topical non-steroidal anti-inflammatory drugs (NSAIDs) relies on the ability of the active drug to penetrate the skin in sufficiently high amounts to exert a clinical effect, which is linked to the specific galenic properties of the formulation.
WHAT THIS STUDY ADDS
• This phase 1 study characterizes the transdermal penetration and plasma exposure of different dose levels with galenic differences of a novel topical diclofenac formulation under development and indicates greater diclofenac penetration through the skin when compared with a commercially available formulation.
AIMS
To evaluate the relative plasma and tissue availability of diclofenac after repeated topical administration of a novel diclofenac acid-based delivery system under development (DCF100C).
METHODS
This was a single-centre, open-label, three-period, crossover clinical trial of five discrete diclofenac formulations. Test preparations comprised two concentrations (1.0% and 2.5%) of DCF100C, with and without menthol and eucalyptus oil (total daily doses of 5 mg and 12.5 mg). Voltaren® Emulgel® gel (1.0%) was the commercially available comparator (total daily dose of 40 mg). Topical application was performed onto the thigh of 20 male healthy subjects for 3 days. Applying a Youden square design, each drug was evaluated in 12 subjects, with each subject receiving three test preparations. Blood sampling and in vivo microdialysis in subcutaneous adipose and skeletal muscle tissues were performed for 10 h after additional final doses on the morning of day 4.
RESULTS
All four DCF100C formulations demonstrated a three-to fivefold, dose-dependent increase in systemic diclofenac availability compared with Voltaren® Emulgel® and were approximately 30-40 times more effective at facilitating diclofenac penetration through the skin, taking different dose levels into account. Tissue concentrations were low and highly variable. The 2.5% DCF100C formulation without sensory excipients reached the highest tissue concentrations. AUC(0,10 h) was 2.71 times greater than for Voltaren® Emulgel® (90% CI 99.27, 737.46%).
Mild erythema at the application site was the most frequent adverse event associated with DCF100C. There were no local symptoms after treatment with the reference formulation.
Introduction
Diclofenac is a non-steroidal anti-inflammatory drug (NSAID) with a well-established therapeutic usage, which is considered safe and effective [1] . It is administered for the treatment of acute and chronic pain of different aetiologies and exerts its action by cyclo-oxygenase inhibition and modulation of arachidonic acid release and uptake [2] . The dose-dependent risk of serious gastrointestinal, cardiovascular or renal adverse effects of oral NSAIDs has promoted the development of different topical formulations with the aim to reduce the detrimental systemic effects and simultaneously provide symptom control comparable with the oral counterparts. Topical NSAID use is sometimes questioned because of higher costs than generic oral NSAIDs [3] .There is, however, evidence for their efficacy and they are regarded as safe and practical alternatives to oral NSAID treatment in many instances [4] . Topical diclofenac has been available in Europe for more than 20 years to relieve pain and inflammation due to rheumatic disease or osteoarthritis in muscles, tendons and joints and was approved for osteoarthritis therapy in the USA in 2007 [5] .
The crucial step during topical NSAID therapy is the ability of the free active drug to penetrate the skin in sufficiently high amounts to exert its clinical effect, which largely depends on the composition of the drug formulation. Thus, to enhance diclofenac bioavailability, a novel topical formulation of diclofenac (DCF100C) has been developed. Most topical diclofenac preparations are usually supplied as the diethylamine, sodium or potassium salt. DCF100C uniquely uses diclofenac acid in a novel optimized solvent system (DermaSys®), because of its intrinsically higher permeability than the commonly used salts [6] . In vitro studies in human skin have shown over 10-fold enhancement of skin transport of diclofenac from DCF100C compared with the reference product Voltaren® Emulgel® (internal data, Futura Medical Developments Limited). Based on these results, it was anticipated that DCF100C would locally deliver higher drug concentrations than currently marketed formulations without achieving clinically significant systemic drug concentrations.
For the in vivo evaluation of the novel DCF100C gel formulation of diclofenac, two different dose levels (1.0% and 2.5% gels) with galenic differences (with or without menthol and eucalyptus oil excipients) were selected. Transdermal penetration and plasma exposure of DCF100C as well as local in vivo tissue delivery of diclofenac were assessed and compared with Voltaren® Emulgel® gel in male healthy subjects. Voltaren® Emulgel® gel was chosen as the reference formulation, as it is the current global sales leader for topical pain relief and because it has been studied previously using microdialysis (MD) [7] [8] [9] [10] [11] [12] . Compared with other experimental techniques, MD uniquely enables the measurement of free, active local drug concentrations in different target tissues. Consequently, MD has been considered a promising approach for the evaluation of bioavailability and bioequivalence of topically applied drug formulations [13, 14] .
Methods
The study protocol was approved by the local research ethics committee of the Medical University of Vienna, Austria. All subjects were given a detailed description of the study and their written consent was obtained prior to enrolment in the study. The study was conducted according to the harmonized European standards of Good Clinical Practice enshrined in ICH E6 1.24.
Study design
The study was conducted as a single-centre, open-label, five-treatment, three-period crossover study to compare the relative bioavailability of diclofenac in plasma, subcutaneous adipose and skeletal muscle tissue after repeated administration using two dose strengths of topically applied DCF100C with or without menthol and eucalyptus oil and topically applied Voltaren® Emulgel® gel (1.16%) in 20 evaluable subjects. To evaluate each test preparation in a group of 12 subjects, a Youden square design was applied, with subjects randomly allocated to one of four blocks containing five treatment sequences each. Each subject was exposed to the three test articles according to the prospective randomization sequence in three study phases (separated by a wash out period) and with comparable trial activities.
Study population
Twenty male, healthy, drug-free, White volunteers were included in the study.Their mean (ϮSD) age was 29.8 Ϯ 8. 
Investigational products
The four DCF100C test products were manufactured at Specials Clinical Manufacturing (SCM Pharma Northumberland, UK) and were supplied by Futura Medical Developments Ltd (Guildford, Surrey, UK). DCF100C1 (1.0%) and DCF100C1 (2.5%) contained menthol and eucalyptus oil and were applied onto the skin twice daily (at 08.00 h Ϯ 1 h and 20.00 h Ϯ 1 h) for 3 days with a total daily diclofenac dose of 5 mg (DCF100C1, 1.0%) or 12.5 mg (DCF100C1, 2.5%), respectively. DCF100C2 (1.0%) and DCF100C2 (2.5%) were similar to the DCF100C1 formulations, except that they did not contain menthol and eucalyptus oil. These were applied twice daily for 3 days (as for the DCF100C1 formulations) and provided the same total daily diclofenac doses.
The reference substance, Voltaren® Emulgel® gel 1.0%, was provided by the local hospital pharmacy and was applied onto the skin 4 times daily (at 08.00 h Ϯ 1 h, 12.00 h Ϯ 1 h, 16 .00 h Ϯ 1 h and 20.00 h Ϯ 1 h) for 3 days with a total daily diclofenac dose of 40 mg.
For all treatments, a last drug application was performed on the morning of day 4.The first and the last drug applications were performed by the investigator at the clinical trial centre. The interim applications were performed by the subjects at home.
Experimental design
Two weeks prior to the first drug application, a screening visit was performed, which included a physical examination, determination of body mass index (BMI), collection of blood and urine for routine laboratory and drug-screening tests, evaluation of vital signs and an electrocardiogram (ECG). Prior to the first study day, eligible subjects were allocated to the next available treatment schedule according to a prospective randomization sequence.
On the morning of the first study day of each study period, baseline blood sampling was performed. Thereafter, the area of topical drug application at the anterior right or left thigh was marked, shaved, and the first topical drug application was performed onto the marked area (10 ¥ 10 cm = 100 cm 2 ). Volunteers were given diary cards and were instructed how to apply the appropriate daily doses at home, to record the exact times of test preparation application and to accurately and fully complete the diary cards. For the rest of the first day and during the next 2 days, subjects administered the allocated medications at home. In the evening of the third study day, subjects were confined at the clinical trial centre. The last drug application was performed in the morning of day 4 and was followed by blood and tissue diclofenac concentration measurements for up to 10 h.
For the measurement of diclofenac in subcutaneous adipose and skeletal muscle tissue, commercially available microdialysis probes (cut-off 20 000 kD, CMA, Solna, Sweden) were inserted. After probe equilibration and steady-state sampling, the final administration of the allocated medication was performed. Thereafter, microdialysates and venous blood samples were collected every hour for 10 h post dosing. All samples were stored at approximately -80°C prior to analysis. Microdialysis probes were calibrated in vivo at the end of the study day as described previously [11] . Local tolerability was assessed at 1 h and 10 h after the last administration of the test preparation. The second and third study periods were performed as described above for period 1, with washout periods of at least 2 weeks between study periods. A final clinic visit was performed 1 week following the last study period.
Sample analysis
Total diclofenac concentrations in plasma and free, nonprotein bound diclofenac concentrations in microdialysates were determined by Pharmakin GmbH, Germany, using validated LC-MS/MS methods with electrospray ionization in the positive mode [ESI (+)] and multiple reaction monitoring (MRM) with a limit of quantification (LLQ) of 150 pg ml -1 . Analyses were performed in compliance with GLP regulations {OECD, [C (97) 186 Final]} using fully validated methods.
Data analysis
Pharmacokinetic parameters of diclofenac were determined from total drug concentrations in plasma and free, non-protein bound drug concentrations in microdialysates and with reference to pharmacokinetic modelling software. For pharmacokinetic calculations, the program package WinNonlin® version 4.1 (WinNonlin V4.1, Pharsight Corporation, California, USA, 2003) was employed. The following pharmacokinetic parameters were calculated for each study preparation:
Plasma AUC(0,10 h) (pg ml -1 h) = area under the plasma concentration-time curve, calculated by the linear trapezoidal rule based on total plasma concentrations following drug administration up to 10 h.
Tissue AUC(0,10 h) (pg ml -1 h) = area under the microdialysate concentration-time curve, calculated by the linear trapezoidal rule based on free MD concentrations (for each probe) following drug administration up to 10 h.
Cmax (pg ml -1 ) = maximum concentration (in plasma or microdialysate) tmax (h) = time after dosage to reach Cmax (in plasma or microdialysate) Cmin (pg ml -1 ) = minimum concentration (in plasma), evaluated for additional exploratory purposes Additionally, AUC(0,3 h) was calculated to provide further information on early local delivery post dose. Diclofenac half-life (t1/2) was not calculated for plasma, because steady-state drug concentrations were only measured for a 10-h period and the 10-h concentrations were still relatively high. Half-life calculations for microdialysates were not possible because of fluctuating concentrations throughout the observation period. Given in vivo recovery values > 85% [i.e. mean recovery for skeletal muscle microdialysis probes was 88.0 Ϯ 5.2% (SD), mean recovery for subcutaneous tissue was 85.4 Ϯ 5.7%], tissue diclofenac concentrations were not corrected for individual or mean recoveries.
Statistical analysis
Statistical analysis was performed as a valid case analysis with all primary target variables available for measurement using WinNonlin. AUC(0,10 h) and Cmax were primary target variables, whereas tmax and AUC(tissue) : AUC(plasma) were considered as secondary pharmacokinetic target variables. In order to achieve a better approximation to a normal distribution, AUC(0,10 h) and Cmax data (including Cmin for plasma) were logarithmically transformed before analysis and tested parametrically (ANOVA). A linear mixed effects model appropriate for a Youden square design was fitted to the data, with components of treatment, period, sequence and subject within sequence. From the results of ANOVA, 90% confidence intervals of two one-sided t-tests were calculated for test : reference parameter ratios of geometric means by retransformation of the shortest confidence interval for the difference of the ln-transformed values. The parameters tmax and AUC(tissue) : AUC(plasma) were tabulated including calculation of descriptive statistics. Comparative bioavailability was evaluated by 90% confidence intervals for test : reference ratios (point estimators) of geometric means for AUC(0,10 h) and Cmax. Statistical analysis was performed using WinNonlin V4.1.
Post-hoc pharmacokinetic analysis
Voltaren® Emulgel® was dosed 4 times a day and DCF100 formulations twice a day for 3 days. Multiple-dose plasma concentrations were measured after the 13th and 7th dose, respectively, on day 4. Using a simple pharmacokinetic correction, single-dose pharmacokinetics could be predicted from the multiple-dose variable-regimen dosing used in the study. The pharmacokinetic model assumed a simple single compartment with a single first-order elimination process.
Safety and tolerability
Safety and tolerability assessments were based on recording of adverse events and the assessment of local drug tolerability at the application site by visual inspection, at home (performed by the subjects) and at 1 and 10 h after last drug application at the clinical trial centre (performed by the investigator). Assessment of local tolerability included the documentation and scoring of symptoms, i.e. erythema, itching and burning.
Results
For all four DCF100 preparations, a three-to fivefold, dosedependent increase in systemic availability of diclofenac compared with Voltaren® Emulgel® was observed during the 10-h post final dose after 3 days multiple drug application (Table 1, Figure 1) . Therefore, all four formulations were approximately 30-40 times more effective at facilitating diclofenac penetration through the skin, taking different dose levels into account. This increased systemic availability was sustained throughout the observation period, such that total diclofenac plasma concentrations were still up to threefold higher for DCF100C formulations compared with the reference substance at 10-h post dose. By contrast, the systemic concentrations in subjects dosed with the reference substance gradually declined after the last drug application. AUC(0,10 h) point estimators showed an increase in diclofenac plasma concentrations by 2.84-fold for DCF100C1 (1.0%), 2.82-fold for DCF100C2 (1.0%), 4.69-fold for DCF100C1 (2.5%) and 4.80-fold for DCF100C2 (2.5%), as compared with Voltaren® Emulgel®, respectively (Table 2 ).
In the post hoc analysis, the output of the pharmacokinetic process gave plasma concentrations that are typical of single-dose pharmacokinetics. The dose absorbed was between 4.10 and 7.76 times (Cmax) and between 3.72 and 6.86 times [AUC(0,10 h)] for the 1% and 2.5% doses, respectively, compared with the reference Voltaren® Emulgel®.
Multiple-dosing over 3 days was performed to reach steady state. Cmin values on day 4 were 1292.2 and 1002.7 pg ml -1 for DCF100C2 (2.5%) and DCF100C1 (2.5%), respectively. DCF100C1 (1.0%), DCF100C2 (1.0%) and the Table 1 Mean (ϮSD) pharmacokinetic parameters of diclofenac in plasma (total concentrations) and microdialysates from skeletal muscle (MD i.m.) and subcutaneous adipose tissue (MD s.c.) (free, non-protein bound concentrations) Diclofenac bioavailability of a new topical formulation reference preparation showed Cmin values of 729.9, 727.0 and 597.1 pg ml -1 , respectively. As trough values in plasma or tissue were not measured during the 3-day application period, a true steady state could not be reliably demonstrated. Control of steady-state conditions at the site of action would have necessitated repeated insertion of microdialysis probes to obtain Cmin values during the application period.
Free diclofenac concentrations in subcutaneous and skeletal muscle tissue were highly variable and below the LLQ in many instances, despite substantial total diclofenac concentrations in the corresponding plasma samples (Table 1) . In skeletal muscle, DCF100C2 (2.5%) demonstrated the highest bioavailability of all study preparations ( Table 2 ).The AUC(0,10 h) was 2.71 times greater than after Voltaren® Emulgel® administration. Similarly, the other DCF100 formulations showed higher tissue diclofenac concentrations compared with the reference formulation [i.e. 1.29-, 1.32-and 2.13-fold higher AUC values for DCF100C1 (1.0%), DCF100C1 (2.5%) and DCF100C2 (1.0%), respectively]. In subcutaneous adipose tissue, AUC(0,10 h) values for all four DCF100 formulations were similar to or lower than Voltaren® Emulgel®. Because of a high variability, these differences were not statistically different.
To compare tissue availability of free diclofenac concentrations with systemically available total diclofenac concentrations, AUC(tissue) : AUC(plasma) ratios were calculated (Table 3) To investigate drug elimination from target tissues during the first 3 h after the last drug application, AUC(0,3 h) values were additionally calculated (Table 4) .
Safety
The majority of adverse events were mild, non-serious and resolved spontaneously without intervention.
Erythema at the application site was the most frequent adverse event associated with the study medication. The incidence of erythema increased after the application of DCF100C2 (2.5%) > DCF100C2 (1%) > DCF100C1 (2.5%) > DCF100C1 (1%) ( Table 5) .
Burning was observed following application of DCF100C1 formulations, but not after DCF100C2 application. No symptoms at the application site were experienced after treatment with the reference formulation (Voltaren® Emulgel® gel).
Discussion
Topical administration of Voltaren® Emulgel® resulted in total plasma diclofenac concentrations of approximately 1 ng ml -1 at steady state. This concentration is consistent with results reported previously [12] . The finding that plasma concentrations gradually declined after the last Voltaren® Emulgel®application, however, is in contrast to a previous study that showed that plasma concentrations were increasing after the last dose of an 8-day multiple dose study indicating prolonged absorption from the application site [15] . As these increases occurred between 12 and 24 h post dose, the shorter sampling period of 10 h in the present study could be the reason for the observed differences. By contrast, topical administration of the new DCF100C formulations, with total daily doses being approximately three-to fivefold lower than those of the reference formulation, resulted in increases of up to 500% in the bioavailability of plasma diclofenac concentrations compared with Voltaren® Emulgel®, which suggests higher local tissue concentrations of DCF100C and a subsequently higher elimination from the potential target sites. This increase was dose-dependent and was slightly higher for the formulations which had eucalyptus and menthol added (Figure 1 ), which are known penetration enhancers [16] . Addition of sensory signals, however, did not substantially increase systemic availability as compared with the corresponding DCF100C formulations without sensory signals. There was a higher incidence of erythema at the application site, probably caused by increased local blood flow and potentially increasing dermal diclofenac clearance. 
Figure 1
Mean time vs. total plasma concentration profiles of diclofenac after a 3-day multiple-dose regimen and a last dose on the morning of day 4 of topically applied DCF100C1 (1%) (᭝) DCF100C1 (2.5%) (᭝), DCF100C2 (1%) (᭞), DCF100C2 (2.5%) (᭞) and Voltaren® Emulgel® gel (᭹) in 12 healthy male subjects per formulation. Results are presented as means Ϯ SE. DCF100C1 formulations contained menthol and eucalyptus oil as sensory signals
Calculation of AUC(0,3 h) was performed to evaluate additionally systemic drug absorption immediately after local test preparation application and indicated an increased elimination of the active principle from the target tissues by factors 4.2 and 4.9 for DCF100C1 (2.5%) and DCF100C2 (2.5%), and smaller increases for the other test preparations. As clinical efficacy was not evaluated in this healthy volunteer phase I study, it cannot be ascertained whether these increases also translate into differences in the time of onset of action.
Plasma concentrations after application of DCF100C formulations were consistently higher than after application of Voltaren® Emulgel®. However, they were substantially lower than those reported after oral diclofenac administration. A 3-day oral treatment regimen with 50 mg diclofenac 3 times daily resulted in maximum plasma concentrations of approximately 1000 ng ml -1 [11] . In the present study, the highest systemic diclofenac plasma concentrations of 8.2 ng ml -1 , i.e. those after DCF100C1 (2.5%), were approximately 150-fold lower than after oral diclofenac treatment, which indicates a wide safety margin with regard to systemic adverse drug effects.
It has to be mentioned that the 10-h sampling period after the last drug application on study day 4 did not cover the entire dosing interval for DCF100C. Still, plasma diclofenac concentrations after the 3-day, twice daily dosing regimen of DCF100C pointed at an increased local drug elimination as compared with a the 4 times daily Results are given as 90% confidence intervals for: test reference ratios (point estimators) of geometric means for AUC(0,10 h) and Cmax. Total plasma and free non-protein bound tissue concentrations are given. PE, point estimator (ratio of geometric means).
Table 3
Free tissue : total plasma availability ratios Diclofenac bioavailability of a new topical formulation dosing for Voltaren® Emulgel®. It has to be considered, however, that in Europe and the rest of the world, the registered dosing regimen for Voltaren® Emulgel® (diclofenac diethylamine gel 1.16%) is, according to country and indication, two to four applications daily, based on efficacy study results. It is only for the USA that the dosing regimen for mild osteoarthritis and diclofenac sodium gel 1.0% is currently four applications daily. In a recent multiple-dose crossover study comparing the systemic bioavailability of diclofenac after local and oral administration, detectable plasma diclofenac concentrations were found after a 2-week washout period in 23% to 68% of patients [12] . The authors, however, considered these concentrations minimal and unlikely to bias pharmacokinetic parameters [12] . In the present study, predose blood sampling did not show any carry-over effect at the beginning of the second study period. Before the third study period, three out of 18 plasma samples (16%) contained quantifiable diclofenac concentrations. As all three subjects received the study formulations with the highest diclofenac concentrations thereafter, a bias for the subsequent data analysis can largely be excluded.
AUC(tissue) : AUC(plasma) ratios indicated that all five formulations studied in the present study were able to deliver the active principle to the target tissue (Table 3) . Local diclofenac concentrations in subcutaneous adipose and skeletal muscle tissue were low and variable. However, based on previous experience with diclofenac using clinical microdialysis in different experimental settings [7] [8] [9] [10] [11] , this finding was not unexpected. Although these studies were not directly comparable, a general finding was a highly variable transdermal penetration and the inability to quantify local diclofenac concentrations in many instances [8] [9] [10] . Reasons for the observed variability might be inter-individual differences between the studied healthy volunteers, which cannot be standardized, i.e. biological variations of the human skin barrier function, differences in skin metabolism, the individual ability of dermal clearance and local blood flow, hydration status, dose control, temperature and difficult to standardize perturbation measures like shaving of the application site. Low tissue concentrations, on the other hand, might result from rapid diclofenac clearance by the local dermal circulation after skin penetration. In the present study, this is reflected by lower subcutaneous adipose tissue concentrations for the formulations with eucalyptus and menthol compared with the formulations without sensory signals.
The plasma protein binding of diclofenac has been reported to be higher than 99% [17] , indicating that only a small unbound fraction is available for cyclo-oxygenase inhibition. Considering the unbound diclofenac fraction in the present study, plasma concentrations were substantially lower than corresponding unbound diclofenac concentrations in tissue layers underneath the application site. Thus, substantial direct topical penetration and not redistribution from the systemic circulation can be assumed. This effect was more pronounced for DCF100C than for Voltaren® Emulgel®.
No direct pharmacodynamic measurements were performed in the present study. However, IC50 values for diclofenac (50% inhibitory concentration for cyclooxygenase-2 inhibition) have been reported to be in a range of 1-500 ng ml -1 [18] , with COX-2 : COX-1 ratios ranging from 0.7 to 2.2 [19, 20] . In the present study, both DCF100C formulations without sensory signals attained Cmax values of approximately 1 ng ml -1 , whereas Cmax values from the other formulations did not exceed this threshold. This indicates that topical application of DCF100C might lead to tissue concentrations high enough to exert a therapeutic effect.
In conclusion, DCF100C formulations applied topically may deliver more efficient diclofenac penetration compared with other topical diclofenac products. DCF100C may also represent an alternative to oral diclofenac treatment, providing efficient drug penetration to the local tissues, without the high systemic diclofenac concentrations seen with the oral forms.
